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ABSTRACT 



Context. The geometry and physical properties of the accretion mode, and the radiative processes occurring in AGN- 
powered low ionization nuclear emission-line regions (LINERs) remain a riddle. Both a standard thin accretion disk 
and an inner-hot radiatively-inemcient accretion flow (RIAF) have been invoked. Models depending on only a jet have 
also been invoked to explain the broad-band spectral energy distribution (SED) of LINERs. 

Aims. We attempt to infer the accretion mechanism and radiative processes giving rise to the SEDs of a well-defined 
optically-selected sample of LINERs showing a definite detection of broad Ha emission (LINER Is). 
Methods. We construct SEDs for six LINER Is with simultaneous UV and X-ray fluxes, and we looked for multiwave- 
length, radio to X-ray and UV to X-ray, correlations. 

Results. At a given X-ray luminosity, the average SED of the six LINER Is in our sample: (1) resembles the SED of 
radio-loud quasars in the radio band, < log Rx >~ —2.7, (2) exhibits a weak UV bump, <q ox >~ — 1.17 ± 0.02 with 
a dispersion a = 0.01, and (3) displays a X-ray spectrum similar to radio-quiet quasars. The bolometric luminosities 
inferred from the SEDs of these LINER Is are extremely faint, at least two orders of magnitude lower than AGN. The 
X-ray bolometric correction, K2-10 kov, of our sample is lower than in the case of AGN, with a mean value of 16. We 
find a strong anticorrelation between the radio loudness parameter, Rx, and the Eddington ratio for our sample, con- 
firming previous results. Moreover, we find a positive correlation between the radio luminosity and the X-ray luminosity 
which places AGN-powered LINERs, on a radio-power scale, right between low luminosity Seyferts and low luminosity 
radio galaxies. We complement our a ox list with values derived on a well defined sample of UV-variable LINERs, and 
establish a strong positive correlation between a ox (considering negative values) and the Eddington ratio, in contrast 
to the correlation found for luminous AGN. Lastly, we tested two different fundamental planes existing in the literature 
on our sample, in an attempt to put constraints on the debated origin of the X-ray emission, "RIAF versus jet". The 
results came contradictory with one pointing toward a RIAF-dominated X-ray emission process and the other pointing 
toward a jet domination. 

Key words. Accretion, accretion disks - galaxies: active - galaxies: nuclei - X-rays: galaxies 



1. Introduction tiwavelength studies were attributed to this subject, look- 

ing for a radio, someti mes variable, core ( Nagar et al.|2005 ) 
Our nearby universe is mostly popul ated b y galaxies show- or a var i a ble UV core ( |Maoz et al.|2005| > Nevertheless, the 
ing low nuclear activity (see |fo] |2008| and references most used tool to search for an active nucleus in a LINER is 
therein" 



The most common component of these nearby 
low luminosity active galactic nuclei (LLAGNM) i s low ion- 
izatio n nuclear emission-line regions, LINERs (Hcckman 
19801. These LINERs are characterized by optical spec- 
tra dominated by neutral or singly ionized species (e.g., 
O I), hence, non-AGN continua could in principle give 
rise to their optical spectra. Indeed, since the time of 
their establishment as a class, the excitation mechanism 
of LINERs has been a matter of an ongoing debate and 



to look for a hard 2-10 kcV unresolved core that could not 
be due to diffuse e mission from shock heated gas or from 
unusually hot stars (iTerashima et al.||2000l |Ho et al.||2001 

It-v_ _l_l_ _j_ -1 lnr,r.rll.7nl 1 • _j_ _t lr,nr,^l \A A\ HT_._j.aJ' j. -1 



could be explaine d in terms of: shock heated gas ( Dopita &: 
Sutherland |1995|), starburst activity (|Terlevich fc Melnick 



1985||Alonso-Merrero et al.|2000[ ), or a LLAGN . Many mul 



1 Hereinafter, the term LLAGN designate the definite exis- 
tence of an AGN at a given galaxy center, but with an Eddington 
ratio < 10" 3 . 



I Dudik et al.|2005||Flohic et al.|2006[|Gon zalcz-M artm et al 
|2006[|2009||Zhang et al.|2009[ ). How do LINERs harboring a 
low luminosity active nucleus compare to luminous Seyfert 
galaxies and quasars? 

Active galactic nuclei (AGN), including Seyfert galax- 
ies and quasars, emit a broad band spectral energy distri- 
bution (SED) from radio all the way up to X-rays, some- 
times even gamma-rays. The most prominent feature in the 
SED of AG N is a broad UV ex cess, known as the "big blue 
bump" (e.g., Elvis et al.|1994 ). This UV excess, along with 
many other signatures characterizing AGN; e.g., the high 
bolometric luminosities (Lboi > 10 44 ) and Eddington ratios 
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(-^boi/^Edd > 10~ 2 , where J^Edd represents the Eddington 
luminosity; |Porquet et al.|2004l |Vasudevan fe Fabian|2 009 ; 
Vasudevan et al.||2009 |Grupe et al.||2010 |, t he rapid X-ray 
varia bility on time-scales of hours to days (Turner et al. 
19991, and the gravitational ly redshifted Fe emission line 



profile ( |Nandra et al.||2007[ ), are believed to be achieved 
through accretion onto a supermassive black hole (SMBH), 
in the for m of a geometrically thin optically thick accre- 
tion disk (jShakura & Sunyaev||1973[ iShieldsj 19781 iMalkan 



fe Sargent||1982p . 

Contrary to classical AGN, where at least a somewhat 
universal accretion mode is thought to occur, the accretion 
physics and radiative processes taking place in LLAGN, 
including AGN-powered LINERs, have been a riddle so far. 
LINERs are extremely faint sources with X-ray luminosities 
almost never surpassing 10 43 erg s" 1 and Eddington ratios 
lower than ~ 10 -3 , and explaining their faintness is a very 
challenging task. 

The geometrically thin accretion disk, believed to power 
AGN, has been invoked as a LINER so urce of power as well. 
From an observational point of view, Maoz (2007), using 
high angular resolution multiwavelength observations of 13 
UV- variable LINER sources, demonstrated that the lumi- 
nosity ratios in different wavebands, mainly UV to X-ray 
and radio to UV, follow the same trend as luminous Seyfert 
galaxies. The authors did not find any sharp change in the 
spectral energy distribution (SED) of their sample com- 
pared to more luminous Seyfert and quasar nuclei, suggest- 
ing th at a thin accretion disk may persist at low Eddington 
Pian et all (120 101) combined Swift XRT X-ray fluxes 



ratios. 



with simultaneous UV fluxes com ing from the UVOT in- 



strument and showed, similar to Maoz A2007), that the 



(2( 
the 



SED and the UV to X-ray flux ratios of their sample of 4 
LINERs are consistent with those of more luminous sources, 
hence, implying that LINERs may have similar accretion 
and radiative processes at their center compared to lumi- 
nous Seyfert nuclei. 

On the other hand, the faintness of LINER sources com- 
pared to classical AGN has been attributed to a different 
accretion mechanism owing to some observational contrast 
between the two classes. In the X-ray domain, no broad 
nor narrow Fe Ka emission line at 6.4 keV have been de- 
tected in the spectra of t he LINER sources with the high- 
est signal to noise ratio ( Ptak et al| 2004| |Younes et al. 
ll Paper 1 hereinafter), with only a fe 



a tew sources ex- 



ibiting short time-scale X-ray variability (|Ptak et al.|1998 
.waki et al.||2001[ IBinder et al.||2009| lYounes et al.| |2010p ' 



2011 Pap 
E 

Awaki 

Furthermore, early investigations of the multiwavelength 
properties of LLAGN, including LINERs, indicated that 
their SED might depart from the standard SED o f classical 
AGN, especially in the UV band. Ho et al. ( 1996 ) reported 



the absence of the UV bump in the SEP oTthe LINER 
source M 81, so did |Nicholson et al.| ( [1998] ) for the LINER 
nucleus of NGC 4594. The evidence for the faintness of 
the UV component in the SED of LINERs starte d to pile 

see also 



up with the study o f bigger samples. |Ho| ([1999 
Eracleous et al.|2010 | collected high spatial resolution mul- 



ti wavelength fluxes for a sample of seven LLAGN. The au- 
thor stated that the SED of the full sample looks markedly 
different than the SED of luminous AGN, noting that the 
UV emission is weaker, lacking the canonical UV bump. 



Moreover, |Ho| ( ]1999| signalized that all of his LLAGN SEDs 
could be considered as radio-loud sources. These observa- 
tional dissimilarities between LINERs/LLAGN and classi- 



cal AGN may indicate the truncation/disappearance of the 
thin accretion disk at low luminosities, and therefore, a dif- 
ferent accretion mechanism powering the emission in AGN- 
powered LINERs. Indeed, it has been suggested that when 
the mass accretion rate falls below a critica l value M cr it, 
for which LINERs/LLAGN clearly belong to ( |Ho|2009[ ), the 
density of the disk could become too low for radiative cool- 
ing to be effective. The trapped heat will expand the thin 



Quataert 


2001 


Yuan 


or reviews). Such ra- 



a very low radiative efficiency (see 
[2007] [Narayan fe McClintock|j2008| 
diatively inefficient accretion now (RIAF) models success- 
fully explained the spectral energy distribution of a large 



number of LINER sources ( Quataert et al.||1999[ |Gammie 
[ et al |1999| |Ptak et al.|2004[ |Nemmen et al.|2006HWu et al. 



|2007||Yu et al.||201ip 



The early RIAF solutions showed that the gravitational 
energy of the accretion flow could be lost, not only through 



(e-g- 


Narayan & Yi 


|1994 


1995b 


Blandford & Begelman 


1999) 


Numerical and magnetohydrodynamic (MHD) sim- 



are associated with strong outflows (e.g., |Igumenshchev fe 



Abram owicz 2000; Hawley fe B albus 2002; Igumcnsh chev 



2004), and even a component along the axis of th e accretion 
flow i n the form of a collimated relativistic jet (McKinney 
2006]) . Observational evidence strengthened the idea of low 



accreting objects to produce outflows and relativistic jets 
since an important percentage of LINE Rs/LLAGN showe d 
arcsecond or milliarcsecond jets (e.g., [Nagar et ah 2001). 
Even the sources lacking a jet-like component on miiliarc- 
second scale were observed to harbor an unresolved radio 
core that have a high surface brightness temperature and 
a flat or slightly inverted radio spectr um, classic signatures 
of th e presence of a relativistic jet (Blandford & Konigl 
1979| . Through synchrotron and synchrotron self-Compton 
processes, the jet could contribute to the broad-band emis- 
sion of these low accreting sources, sometimes even domi- 
nating the accretion flow emission. Indeed, what is giving 
rise to the broad-band spectrum, especially the hard X-ray 
emission, is a highly debated subject, with some crediting 
comple tely the RIAF models, o t hers leaning towards a jet 

/It^'i .1 _ TV T . 1 minnnAl \-\r _ _i . 1 llnnnn_ II I ITT 7 



2002a|b| |Wu 



origin (]Falcke & Markoffj |2000l |Yuan et al 
|et al.|[2007]|Markofl et al.||2008p . 

The previous SED studies of LINERs/LLAGN, how- 
ever, dealt with non-simultaneous UV and X-ray observa- 
tions, sometimes separated by several years. LINERs, sim- 
ilar to AGN, show a high level of variability on years time- 



et al.| 


2005 


Pian et al. 


2010) 



strengthening or undermining the UV excess in these par- 
ticular sources. Since the accretion physics rely heavily on 
the strength of the UV excess relative to X-rays, this im- 
portant point should continuously be kept in mind. 

Finally, there is an increasing number of evidence in- 
dicating that LINERs/LLAGN exist in a different spec- 
tral state compared to classical AGN, displayin g a behav 



Remillard & McClintock 



2006 



context LINERs/LLAGN wou 



Done et al. 2007). 



ior similar to transient X-ray binaries (XRBs, Done 2002 

^f^^^ 



TTtn 

CRBs 



tEis 

be similar to XRBs dur- 
ing their low/hard state, showing very low bolometric lu- 
minosities (e.g., Paper 1), and classical AGN would be anal- 
ogous to high/soft state XRBs, with Eddington ratios > 0.1 
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Sobolewska et al. 2009). Recently, Sobolewska et al. 



(2011 ) predicted, by simulating the spectra of a sample of 
AGN based on the evolution pattern of the transient BH 
binary GRO J1655-40, that the UV-to- X-ray flux-ratio de- 
pendence on the Eddington ratio should change signs at 
-kboi/^Edd 1=3 10~ 2 . This change of sign, if observed, could 
represent another evidence supporting the idea of LINERs 
being in a different spectral state compared to classical 
AGN. 

In this work, we revisit the SEDs of AGN-powered 
LINERs in an attempt to put constraints on the accretion 
mode and radiative processes of this class. To ensure the 
presence of an AGN at the center of our LINERs, only those 
showing a definit e detection of a b road Ha emission where 
selected (Paper 1; [Ho et al.|[l997bl LINER Is hereinafter). 



We briefly re-introduce our sample in § 2, § 3 represents 
the data compilation used to construct reliable SEDs with 
simultaneous UV and X-ray fluxes, and gives the results of 
the different flux ratios. We give the properties of the differ- 
ent LINER 1 SEDs and of their mean, which represents to 
some extent the mean SED of all AGN-powered LINERs, in 
§ 4. We discuss our results in § 5 in the context of accretion 
physics and radiative properties occurring in AGN-powered 
LINERs. Finally, we summarize our findings in § 6. In the 
remainder of this paper, luminosities are calculated using 
the distances given in Table 1 of Paper 1 derived with a 
Hubble constant Hq — 75 km s _1 Mpc" 1 . 

2. The sample 

The LINER samp le studied here has been introduced in a 
companion paper ( Younes et al.|20iTj Paper 1 hereinafter). 
The sample comprises only the LINERs showing the defi- 
nite de tection of a broad Ha emission (LINER Is, Ho et al. 
1997b), and observed with either the Chandra and/ or the 
XMM-Newton telescopes. This resulted in 13 LINER Is. 
This class of LINER Is ensures the definite existence of an 
AGN at the center of all of the selected galaxies and its re- 
sponsibilit y for the excitation of the detected optical emis- 
sion lines ( Terashima et al.||2000 ). Moreover and according 
to the unification scheme of AGN, the central emission of 
LINER Is should not be affected by the circumnuclear dust 
in the torus (if existing). The reader is referred to Paper 1 
for more details on the general properties of the sample. 



3. Results 

3.1. SED construction with simultaneous UV and X-ray 
fluxes 

The nuclear flux of LINERs could easily be contaminated 
by the light of the underlying host galaxy. Therefore, high 
angular resolution at all wavelengths is essential. Another 
complication one should keep in mind is that LINERs could 
be highly variable on months to years ti mescales, especially 



in the UV and X -ray domain (Paper 1; Maoz et al.||2005 
Pian et al. 20101. Fluxes coming from simultaneous ob 
servations are therefore extremely crucial. With these two 
points in mind, we detail in this section the tools we used to 
construct the SED of the sources in our sample of LINER Is 
with the most reliable multiwavelength data, having simul- 
taneous UV and X-ray fluxes. 

To rule out the variability factor, mostly noticeable 
in the UV and X-ray bands, we used UV observations 



coming from the optical/UV monitor (OM) telescope, on- 
board XMM-Newton, taken with either the UVM2 or 
the UVW2 filters (effective wavelengths of 2310 A and 
2120 A respectively). These UV fluxes are simultane- 
ous with the XMM-Newton X-ray EPIC fluxes. Despite 
the fact that the angular resolution of the OM is much 
lower than the HST one, LINER sources appear as point- 
like sources in the UV bands, with the emission of the 
host galaxy left undetected. Six sources and a total of 
7 observations were observed with the OM with either 
the UVM2 or the UVW2 filters (NGC 315, obs. ID: 
0305290201; NGC 3226, obs. ID: 0101040301; NGC 3718, 
obs. ID: 0200430501 and 0200431301; NGC 3998, obs. ID: 
0090020101; NGC 4143, obs. ID: 0150010601; NGC 4278, 
obs. ID:0205010101, see Paper 1 for details on the observa- 
tion logs), with NGC 315 being the only source observed 
with both filters. We derive count rates, using the om- 
source interactive photometry tool of the Science Analysis 
System (SAS), for all of the above mentioned LINER Is 
in a circular aperture with a 3" radius centered on the 
source. We corrected for the background taken as an an- 
nular region with 5" and 10" inner and outer radii, re- 
spectively. These background-subtracted count rates were 
then extrapolated to the coincidence-loss area correspond- 
ing to 6" using the point spread function. We converted 
these count rates to physical fluxes using the two conver- 
sion factors of 2.20 x 10 -15 erg cm" 2 A -1 counts -1 and 
5.71 x 10~ 15 erg cm -2 A" 1 counts" 1 for the UVM2 and 
UVW2 filters, respectively 

Radio data, whenever possible, are coming from VLBA 
observations with milliarcsecond resolution. This is impor- 
tant to remove the contamination of any parsec- and/or 
subparsec-scale jet, detected in the nuclear region of many 
LINERs. Otherwise, fluxes derived from VLA subarcsecond 
resolution were used. Infrared data are only accepted when 
measured with the Spitzer telescope with ~ 1 arcsec reso- 
lution. Even at that resolution, the near-IR (1-3 /im) data 
could be highly contaminated by the emission from normal 
stellar populations. The mid-IR (10-30 /im), on the other 
hand, are more representative of the nuclear emission, al- 
though emission from hot dust grains (~100 K) can poten- 
tially contribute to the nuclear flux. Optical data are only 
taken from the HST with subarcsecond resolution. We com- 
plement the SEDs with more HST optical data points by 
looking at the Hubble Legacy Archive (HLArlfor any ob- 
servations with either the WFPC2 or the ACSinstruments 
that were not yet reported in the literature. We use the flux 
derived from the Virtual Observatory DAOPhot tool in a 
0.3" circular aperture around the LINER 1, originally in 
counts s" 1 , and convert it to erg cm" 2 s" 1 A" 1 by using 
the PHOTFLAM keyword in the image FITS file. These 
HLA photometry data are background, charge transfer ef- 
ficiency, and aperture corrected^] Finally, Infrared, optical, 
and UV data are de-reddened according to the galactic ex- 
tinctions shown in Table [2] and using the [Cardelli et al.| 
(1989) galactic extinction curve. 



None of the two OM UV filters encloses the 2500 A 
wavelength in order to calculate the optical t o X-ray flux 

(a. 



ratio, a Q 



0.384 



log(L 2 kcv/i 2500 



Tananbaum 



http: / /xmm.esac.esa.int / sas/current /watchout / 



EverRreen_tips_and_tricks / uvf lux. sht ml 



J http://h la.stsci.edu/hlavicw .litml 
4 http://hla.stsci.edu/hla_faq.html 
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et al. |l979[ ). Therefore, we derive a 2500 A monochromatic 
luminosity from either the UVM2 or the UVW2 fluxes, as- 
suming a UV spectral index of 0.7 [F u oc v a , where F v 
is in erg s _1 cm -2 ). This UV-spectral index was calcu- 
lated for NGC 315, which is the only source to be observed 
with both the UVM2 and UVW2 filters. In fact, assuming 
a UV spectral index between 0.4 and 1.0 would only in- 
troduce a maximum of 6% error on a ox . Table [l] gives the 
data points used to construct the SED of the six sources, 
with simultaneous UV and X-ray fluxes, shown in Fig. [T] 
Finally, we calculated the bolometric luminosities of these 
six LINER Is assuming that two consecutive flux points 
define a power-law of the form L v oc v a . These bolometric 
luminosities might be slightly biased by the fact that we 
know little about LINER sources in the infra-red domain 
(Fig. [I]). However, we expect faint nuclear emission in this 
energy range in L INER sources since the torus is probably 
absent pfo|2008[ Paper 1). 



3.1.1. NGC 315 



This immense radio galaxy has been the focal point of 



1981 



Venturi 



2005; Laing 



many radio studies in the past ( Willis et al. 
et al.j[T993l |Cotton et all [19991 jGanvin et a 
et al.|2006| ). The radio morphology of NGC 315 indicates a 
Fanar off- Riley type 1 (FR I) nucleus with jet structures 
at both arcsecond and milliarcsecond resolutions. Willis 



et al. ( |1981| ) present arcsecond resolution observations at 
49 and 21 cm of this large radio galaxy. They derive a 49- 
21 cm const ant jet spectral index of a = —0.6. Venturi 
([1993 



et al. ( |1993[ ) studied NGC 315 at 18, 6, and 3.6 cm us- 
ing VLB1 networks and found the same spectral index as 
above between 18 and 6 cm, but it s t eepens at lower wave- 
lengths (see also Laing et al. 2006). Cotton et al. (1999) 
explained the sidedness asymmetry in the parse-scale jet in 
terms of Dopple r beaming from an accelerating relativis 
tic jet (see also " 



Canvin et al. 2005). In the infrared 



Gu 



et al. (2007) studied the Spitzer images of NGC 315 at 3~F 



4.5, 5.8, and 8.0 /jm. The Spitzer telescope has a 2" reso- 
lution in these bands, and therefore contamination of the 
nuclear fluxes by dust emission or even red stars are in- 
evitable. The authors corrected for the background, which 
basically represent the stellar component, relying on the 
3.6 /ira image (which was shown as a good tracer of the 
stella r mass distribution in elliptical galaxies, |Pahre et al.| 
2004| ) between 10" and 30". The real challenge is there- 
lore to correct for the heated-dust emission, coming most 
certainl y from the dust y ring seen in the optical band (see 
below) . [Gu et al.l p007| ) demonstrated that the AGN is def- 
initely responsible for some of the emission in the mid-IR 
band, since its shape is very close to the mid-IR Spitzer 
PSF shape of a point-like source. However, with the cur- 
rent Spitzer data set it is difficult to disentangle the dust 
from the AGN emission. These IR fluxes should then be 
treated with cautious. At optical wavelength, HST images 
of NGC 315 show a nuclear compact source surrounded by 



a nuclear dust disk and chaotic dusty filaments ( Gonzalez 
Delgado et al.|2008 |. We calculated two UV fluxes, coming 
from the U V W2 and UVM2 filters, which are simultaneous 
with the X-ray XMM-Newton data. The different fluxes 
used to construct the NGC 315 SED (Fig. [l]) are reported 
in Table [I] The blue line at X-rays represent the Chandra, 
obs. ID: 4156, fluxes and is only shown for comparison. 



We calculate a bolometric luminosity using the XMM- 
Newton absorption corrected luminosities and the data re- 
ported in Table [II only excluding the IR fluxes. We found 
£boi = 4.34 x l(r 2 erg s _1 . This corresponds to a X-ray 
bolometric correction K2-10 keV = L\> i/ £2-10 kcV = 18.3. 
We calculate a monochromatic 2500 A luminosity of about 
3.2 x 10 26 erg s _1 Hz -1 . We derive, using this luminosity, 
an optical to X-ray flux ratio a ox = —1.15 ± 0.05. 



3.1.2. NGC 3226 

In the radio band, NGC 3226 is detected with the VLBI 
techniques at milliarcsecond resolution, most likely to be 



a compact point-like source (Falcke et al. 2000). 



|et al.| ( |2000j ) calculated a VLA flux density oF5~ 
2 cm, which results in a flat radio spectrum between 



Nagar 
Jy at 



and 5 GHz. Filho et al. 



" 15 
3226 with 



(2006} detected NGC 
MERLIN at subarcsec scale and found a peak flux density 
at 5 GHz of about 3.5 mJy, comparable to the value re- 



ported for th e VLB A data (see Table [T]) , therefore, Filho 



et al. 



(2006) concluded that NGC 3226 does not appear 
variable at 5 GHz. In the optical band at the HST res- 
olution, NGC 3226 shows an unresolved core surrounded 



2004 



from the eastern side by a d ust lane (Martel et al 
Gonzalez Delgado et al.(2008[ ). In the UV band, NGC' 3226 



was observed with the XMM-Newton OM instrument with 
the UVW2 band during only the short observation (obs. ID: 
0101040301, see Paper 1, the long ^100 ks observation only 
used the U filter, which is highly contaminated by the host 
galaxy light). The fluxes used to construct the NGC 3226 
SED (Fig. [l]) are listed in Table [l] 

The bolometric luminosity of NGC 3226, derived with 
the luminosities listed in Table [l] plus the XMM-Newton 
X-ray luminosity, is about 5.1 x 10 41 erg s -1 . The 2-10 keV 
luminosity of the XMM-Newton (obs. ID: 0101040301) rep- 
resents 12% of this bolometric luminosity and results in a 
2-10 keV bolometric correction K2-10 keV ~ 8.4. From the 
derived 2500 A luminosity of about 4 x 10 25 erg s _1 Hz -1 , 
we calculate a a ox = —1.13 ± 0.04. 



3.1.3. NGC 3718 

At 18 cm, with subarcsecond resolution of the MERLIN 
radio telescope, NGC 3718 shows a compact jet extending 
to the northwest directio n (0.5"), which is weakly present at 
6 cm (iKrips et al.||2007|) The core has a very high surface 
brightness temperature with a lower limit of 3 x 10 8 K. 



It is detected with the VLA and VLBA a t subarcsecond 
and milliarcsecond scales ( Nagar et al.|2002j ) . In the optical 
b and , NGC 3718 shows an unusual strongly-warped ga s 
disk ( jPott et al.|2"004||Krips et al.|2005||Sparke et al.|2009[ ) 



This gas disk is consistent with the dust lane that goes 
across the nucleus and seen clearly at the HST resolution. 
This dust lane makes it very hard to detect the nucleus 
at optical wavelength and even more in the UV band. In 
fact, HST UV images of NG C 3718 were blank with no sign 



of the nucleus to be found (Maoz et al. 1996 Barth et al 



1998). This dust lane is probably respo nsible for the high 



internal extinction of about 0.34 mag ( Ho et al.||1997a[ ) 
Therefore, all of the optical and UV fluxes of NGC 3718 
were corrected, in addition to the Galactic extinction, for 



the internal one using the Cardelli et al. ( 1989 1 curve 
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Table 1. Multiwavelength nucleus data for our sample of LINER Is. 



V 


\og{vL v ) 


Aperture 


Satellite/Filter 


Date 


Reference 


(Hz) 


(ergs s _1 ) 


(arcsec) 








NGC 315 



1 


41E+15 


41 


5302 


3 


1 


30E+15 


41 


5514 


3 


5 


51E+14 


41 


2664 


0.2 


5 


47E+14 


41 


2052 


0.2 


3 


75E+14 


41 


5289 
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We calculated optical fluxes coming from HST observa- Observatory tool of the Hubble Legacy Archive (see above) . 
tions, using the fluxes reported by the DAOPHOT Virtual- 
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Fig. 1. Top left panel. The NGC 315 SED. The red dots represent the simultaneous XMM-Newton UVM2, UVW2, and 
X-ray luminosities. The blue dots represent the Chandra, obs. ID: 4156, soft and hard band luminosities. Notice the 
spectral and flux variability in the X-ray band (Paper 1). Top right panel. The NGC 3226 SED. The red dots represent 
the simultaneous XMM-Newton UV and X-ray luminosities. Middle left panel. The NGC 3718 SED, which is one of 
the most complete SED of our sample with quasi-simultaneous HST-optical and XMM-Newton UV and X-ray fluxes 
(red dots). Middle right panel. The NGC 3998 SED with the red dots representing the simultaneous XMM-Newton UV 
and X-ray luminosities. Lower left panel. The NGC 4143 SED. The red dots represent the simultaneous XMM-Newton 
UV and X-ray fluxes. Note the high variability amplitude at UV wavelengths between the HST black-dot and the OM 
red-dots taken six years apart. This LINER 1 shows the highest UV flux relative to the X-ray in our sample. Lower right 
panel. The two NGC 4278 SEDs, representing the low state contemporary HST-optical and Chandra-X-ray fluxes (blue 
dots), and the high state simultaneous XMM-Newton UV and X-ray fluxes (red dots). See text for more details. 



In the UV band, NGC 3718 was observed with the OM fil- 
ter UVW2 during both XMM-Newton observations. The 
nucleus was not detected so we derived upper limits and 
corrected these fluxes for Galactic and internal extinction. 
Table[T]shows the fluxes used to derive the NGC 3718 SED 
shown in Fig. [I] Luckily, two HST pointings of NGC 3718 
were taken almost simultaneously with the XMM-Newton 
observation with almost two weeks separation. These quasi- 
simultaneous data points are shown in red in Fig. [I] 

The NGC 3718 is the most complete SED of 
our sample with simultaneous data in the opti- 



cal (HST/F658N/F814W), UV, and X-ray (XMM- 
Newton/ '0200431301) bands. However, we decided to ex- 
clude the UV upper-limit fluxes to calculate the bolometric 
luminosity of this source, hence, relying only on the de- 
tection measurements of the radio and quasi-simultaneous 
optical and X-ray fluxes (we note here that the UV-flux up- 
per limit is not conflicting with the interpolation between 
the optical and X-ray fluxes) . we find a bolometric luminos- 
ity Lboi = 5.43 x 10 41 erg s _1 , resulting in K2-10 kcV = 10. 
We derive an upper limit on the 2500 A luminosity of about 
9.5 x 10 25 erg s _1 Hz -1 , which resulted in a a ox > —1.26. 
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3.1.4. NGC 3998 



Hummel et al. ( 1984 ) reported a variable radio core at the 
center of NGC 3998 with a flat spectrum and a very high 
surface bright ness temperature ( > 10 s K). At milliarcsec- 



ond resolution, Filho et aTj ( 2002 ) reported a weak northern 
radio extension suspected to be the innermost kpc- scale 



outflow seen at arcsecond resoluti on (Hummel 1980). At 
UV wavelength, Maoz et al. ( 2005 1 reported a strong vari- 
ability between the 5 epoch observations of NGC 3998 with 
the HST/F250W filter. The flux of the first observation was 
found the highest and decreasing all along the 4 other ob- 
servations. Our XMM-Newton/ OM measurement, which is 
a ~ 1 year before the first HST observation, is 1.3 times 
higher (note that our derived UVW2 flux is consistent with 
the one derived in IPtak et a l. 2004 for the same observa- 
tion). At optical wavelength with the HST resolution, the 
nucleus of NGC 3998 is clean as a whistle, not showing 
any sign of dust lanes or any other sou rce of intrinsic ab- 
sorption HGonzalez Delgado et aT)|2008j ). Table [I] gives the 
data points used to construct the NGC 3998 SED plotted 
in Fig. 

Using the different radio and optical measurements and 
the XMM-Newton UV and X-ray fluxes we calculate a bolo- 
metric luminosity of about 1.5 x 10 42 erg s _1 . The hard 
2-10 keV luminosity is 17% of the bolometric luminosity 
which results in a K2-10 koV ~ 6. From the derived 2500 A 
luminosity, we calculate a a ox = —1.05 ± 0.01. 

3.1.5. NGC 4143 

NGC 4143 has a slightl y inverted to flat r adio spectrum be- 
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Fig. 2. a ox dependence on the Eddington ratio. The black- 
dashed line represents the best fit linear regression t o our 
sample of L INER Is (black dots) and the sample of Pian 
et al. (2010 red dots), both with a ox values derived from 
simultaneous UV and X-ray fluxes. The black solid-line rep- 
res ents the best fit linear regression to all data, including 
the Maoz (2007 blue dots) sample. These latter values de- 
rive from non-simultaneous observations. The upper limit 
represents the value derived on NGC 3718 and is not in- 
cluded in the regression analysis. See text for more details. 



13 UV variable LINERs, and Eracleous et al.| (|2010j) for a 
broad sample of low luminosity AGN, both studies using 
non-simultaneous UV and X-ray fluxes. However, our a ox 
va lues are so mewhat lower than the mean value reported 
-0.9). 



tween 20 cm and 2 cm ( |Nagar et al.|2000[ ). At the MERLIN 
resolution of sub-arcsecond, NGC 4143 shows a core emis- 
sion, lacking any sign of extended jet emission. The core has 
a high surface brightness temperature of about 2 x 10 8 K. In 
the op tical band and at the HST resolution, Chiabergc ct al. 
( 2005 ) reports an unresolved nuclear source at th e center of 
NGC 4143, with so me weak nuclear dust lanes (Gonzalez 
Delgado et al.|2008[ ). We calculated a HST/F218W UV flux 
for NGC 4143, where the nucleus appears as a point like 
source. This flux of about 3.94 x 10 -13 erg cm -2 s _1 , is ~ 6 



in Ho| ( 1999] i.e., - 0.9). We attribute this difference to the 
fact that |Ho| ( 1999| used mainly ASCA X-ray fluxes derived 
from large apertures (300"), which would over-estimate the 
X-ray fluxes and hence the a ox measurements. Moreover, 
the author sample included both LINERs and low luminos- 
ity Seyferts, with a ox values extrapolated from the optical 
slope at times. 

NGC 3998 is the only source our sample shares with 
the Maoz (2007) sample. The two a ox values are in very 
good agreement, separated by only 7%. NGC 4143, with a 
q ox = —1.37 ± 0.02, is the only source in our sample with 



a val ue comparable to va lues reported for luminous AGN 
times smaller than the flux we derive from the OM/UVW2 (e.g., ISteffen et al 



presents 
D, shown 



observation taken almost 6 years later. Table 
the NGC 4143 flux points used to derive the S 
in Fig.JT] 

Using the different radio and optical measurements and 
the XMM-Newton UV and X-ray fluxes we calculate a bolo- 
metric luminosity of about 3.5 x 10 41 erg s _1 . The hard 2- 
10 keV luminosity is 3% of the bolometric luminosity which 
results in a K2-10 keV ~ 36. From the derived 2500A lu- 
minosity, we calculate a a ox = —1.37 ± 0.02, the lowest 
between the six different LINER Is with a simultaneously 
measured UV and X-ray flux. 

3.2. Optical to X-ray flux ratio, a ox 

We report in Table [2] the different values of a ox derived for 
the six LINER Is with simultaneous UV and X-ray obser- 
vations. The values span a range between —1.05 and —1.37. 
Excluding the lower limit calculated for NGC 3718 of —1.27 
would result in a mean of about — 1.17±0.02 with a disper- 
sion a = 0. 01. Th e se val ues are comparable to the values 
reported in Maoz (2007 i.e., —0.9 — 1.2), for a sample of 



2006J) . This LINER 1 has a compara- 
ble 2500 A luminosity to, but the lowest 2 keV luminosity 
between, our six LINER 1 sources. 

Albeit dealing with a small sample of six LINER Is, 
our values of a ox are not subject to uncertainties due to 
the variability in both UV and X-ray bands. This is a 
big advantage over the past studies conducted using non- 
simultaneous data. A similar work has been carried out 



by Pian et al.| (2010), studying the UV to X-ray flux ra- 
tio oFlTlsarriple oFfour low luminosity AGN with simul- 
taneous UV and X-ray fluxes derived from the Swift tele- 
scope NGC 3998, which is one of the four sources of Pian 
(2010) sample, exhibit a a ox = —0.97, in good 

-1.05. 



et al. 



-0.97, in 

agreemen t with the value we deri ve here, a ox = - 
Recently, Sobolewska et al.) ( |2011[ ) predicted, by simulat- 
ing the spectra of a sample of AGN based on the evolution 
pattern of the transient BH binary GRO J1655-40, that 
the a ox -Eddington ratio relation should change signs at 
^boi/^Edd ~ 10~ 2 . This change of sign could represent a 
switch from a high /soft sta te to a low/hard sta te in AGN. 



Lusso et al. (2010 see also Grupe et al. 2010) found that 



their sample of type 1 AGN shows an anticorrelation (con 
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sidering a negative a ox ) betw een q ox and the Eddin gton 
ratio. To test the hypothesis of Sobolewska et al. (2011 ), we 
plot in Fig [ 2] our q ox values (black dots), th e results from 
Pian et al.| ( |2010[ red dots), and finally the |Maoz| ( [2007 



blue dots) results against the X-ray-corrected Eddington 
ratio (iboi/^Edd = 16 X £2-10 kov /L E dd, see gl|Hol|2008l 
Paper 1). This X-ray-corrected Eddington ratio was used 
for consistency between the thre e different wo rks mentioned 
above. We keep in mind that the Maoz ( 2007 ) a ox values de- 



rive from non-simultaneous observations, and we excluded 
the sources with a 2-10 keV flux upper-lim it. W e would like 
to em phasize the fact that |Maoz| (2007) and Pian et al. 
( 2010 ) samples of LINERs are genuine AGN, since all sho w 
short and/or long term UV variability ( Maoz et al.||2005 ). 

We find a strong positive correlation (with negative a ox 
values) betwee n q ox and the Eddington rati o, with and 



without |Maoz (2007) values, confirming the Sobolewska 
et al. ( |201ip prediction. A Spearman-rank test gives a 
99.3% probability that these two parameters are correlated 
with a correlation-coefficient r — 0.64 (a probability of 
about ~ 95% with a correlation-coefficient r = 0.62 if we 



exclude the Maoz (2007) sample). We performed a simple 
linear regression analysis weighting by the real measure- 
ment errors on a ox , and a mean error of 0.05 in the case 



of Maoz ( 2007 ) v alues (derived from the individual errors 
of our sample and Pian et al. (2010) sample, for the reason 
of the lack of measurement errors in this latter case) , and 
found that these two parameters follow the equation: 



a ox = (0.24 ±0.07) log L hol /L Edd - (0.01 ±0.31), (1) 
for the whole sample (solid line, Fig. [2j, and 

a ox = (0.30 ± 0.10) logL bol /L Ed d + (0.25 ± 0.45), (2) 

considering only the a ox derived from simultaneous UV 
and X-ray fluxes (dashed line, Fig. [2|. The errors on 
the slope and intercept of these relations are at the 68% 
confidence lev el (Iff ) . We deliberately excluded two out- 
liers from the Maoz ([2007) sample to perform this analy- 
sis: NGC 4552 (ZiTio ke v/^Edd< 1CT 8 , a ox = -1.10) and 
NGC 4594 (L 2 _ 10 koV /i E dd« 10~ 7 , a ox = -0.92). These 
results are discussed in § 15.11 



3.3, Radio loudness parameter, Rx 

The radio loudness parameter is usually described as the 
ratio between the optical luminosity (or the UV lumi- 
nosity) to the 5 GHz luminosity, R = £„(5 GHz)/L(B) 
(i?uv = L u (5 GHz)/L(2500 A)). The barrier separating 
radio-loud from radio-quiet AGN is defined at i? (uv) = 10. 
Another alternative, better suited to calculate the radio 
loudness of LLAGN, is to use the hard 2- 10 keV X-ray 
luminosity, R x = vL v (5 GHz)/L 2 -io kov (Terashima & 
Wilson|2003 ). This radio loudness parameter has many ad- 
vantages over i ts predecessor in the case of L LAGN. Indeed, 
as stressed by Terashima & Wilson ( 2003 1 , the optical lu- 
minosity of LLAGN could easily be contaminated by cir- 
cumnuclear emission, e.g., from stars. Moreover, one has to 
be careful correcting for extinction from the circumnuclcar 
dust present at the center of a number of low luminosity 
AGN. The hard X-ray luminosities are basically insensi- 
tive to large X-ray obscuration (Njj < 10 23 cm -2 ) and the 



hard X-ray emission is commonly believed to be the in- 
trinsic AGN e mission. Following this criteria, [Terashima fc| 



Wilson 



> 



4.5 would be the 
4.5) from radio- 



_ ([2003J) showed that log R x 
barrier separating radio-loud (log Rx 
quiet AGN. 

Eleven sources in our sample have 5 GHz luminosities 
coming from either VLA or VLB A observations (NG C 2681 
and NGC 4750 were not detected, [Nagar et al.|2005| . We re- 
port in Table [2] the different log Rx values for the different 
11 LINER 1 sources. Since the X-ray and radio observations 
were never simultaneous, we decided to use the arithmetic 
mean X-ray luminosities of the sources with multiple X-ray 
observations (Paper 1), keeping in mind that variability in 
both bands may introduce some scatter on the derived val- 
ues. We find a log Rx > —4.5 in all of the cases with 
a geometr i c mea n value of —2.7. According to |Terashima| 
fc Wilson| (|2()():')[) criterion, all of the 11 LINER Is with 
detected 5 GHz c ore could be conside red as radio-loud 
sourceaj However, Panessa et al. (2007) studied a sample 
of low luminosity Seyfert galaxies (type 1 and type 2) and 
a sample of low luminosity radio galaxies. They found a 
bimodality in the distribution of both R Q and Rx between 
the two classes and hence re-calculated, based on the as- 
sumption that Seyfert galaxies are radio-quiet objects, the 
boundary between radio-loud and radio-quiet sources to be 
log R > 2.4 and log Rx > —2.8. Based on this assump- 
tion, 6/11 LINER Is would be considered as radio-loud 
sources. The remaining five sources would be considered as 
intermediate-radio sources with log Rx ranging between 
—3 and —3.5 (except for NGC 3718 that exhibits a mean 
log Rx « -3.8). 



Ho ( 2002 1 found a strong anticorrelation between the 
radio-loudness parameter R Q and the Eddington ratio for a 
sample of AGN spreading over almost 10 orders of magni - 
tude in Eddington ratio space (see also Sikora et al.||2007 ) . 
We show in the left panel of Fig. [3]the dependence of the ra- 
dio loudness parameter, Rx, on the Eddington ratio. There 
is cle arly a strong anticorr elation between the two param 
eters. 



Panessa et al. 



( 2007[ ) found the same anticorrelation 
when considering the Rx parameter for a sample of low 
luminosity Seyfert galaxies and low luminosity radio galax- 
ies. Here, we establish this correlation for the first time 
for LINER Is. We find a Spearman rank correlation coef- 
ficient r = —0.71 and a probability of 98.5% that these 
two parameters are correlated. NGC 315, which is the only 
FR I radio galaxy in our sample clearly does not follow 
the same anticorrelation. Radio galaxies (i.e., FR I radio 
galaxies, radio-loud quasars, and broad-line radio galax- 
ies) fol low their own antic orrelation in Eddington-ratio— R 
space ( Sikora et al.||2007 ), and probably their own anticor- 
relation in Eddington-ratio— Rx space. Therefore, exclud- 
ing NGC 315 from the data would result in a Spearman- 
rank correlation coefficient r = —0.95 and a probability 
> 99.99% that these two parameters are correlated. 



Finally, [Panessa et al. 
between the h; 



(2007) found a strong positive 
correlation between the hard 2-10 keV luminosity and the 
radio luminosity at 6 cm for a sample of low lum inosity 

and 



Seyfert galaxies (see also de Gasperin et al 
sample of low luminosity radio galaxies 



_201ip ana a 
We show in the 



We note that we find a Ruv > 40 for the six sources in 
our sample with derived UV luminosities, hence, according to 
the classical classification criterion these LINER Is would be 
considered as radio-loud sources. 
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Table 2. The multiwavelength properties of the different LINER Is in our sample. Columns represent: (1) the galaxy 
name, (2) the Galactic extinction taken from NED, used to correct the infrared, optical and UV data, (3) the a ox derived 
for the six LINER Is with simultaneous UV and X-ray fluxes, (4) the 2500 A luminosity calculated from either the 
UVM2 or the UVW2 XMM-Newton-OM filters in erg s" 1 Hz -1 , (5) the core 5 GHz radio luminosity in erg s" 1 Hz" 1 , (6) 
the radio loudness parameter Rx, (7) the Eddington luminosity (8) logLx,crit/^Edd = —5.356 — 0.171og(M/Af Q ) which 
represents the critical 2-10 keV lu minosity above which the broad-band spectrum of a given AGN is thought to become 
jet-dominated ( |Yuan fc Cui|2005{ see equation [3] ) , (9) the bolometric luminosity Lboi derived from the SED integration 
for each of the six LINER Is with reliable SEDs, and finally (10) the bolometric, hard X-ray, correction K2-10 kcV- Two 
bolometric luminosities were calculated in the case of NGC 4278 corresponding to the low and high state X-ray flux level. 
See text for details. 



Galaxy Name 


E(B - V) Gs i 


<*ox 


log(L •) 
Bv 2500 a' 


l0g(L 5 GHz) 


Rx 


log(L E dd) 


log(L X ,crit/iEdd) 


log(L bo i) 


^2-10 keV 








(erg s- 1 Hz" 1 ) 


(erg s" 1 Hz" 1 ) 




(erg s" 1 ) 




(erg s" 1 ) 




NGC 266 


0.069 


(...) 


(...) 


28.08 


-2.99 


46.54 


-6.79 


(...) 
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Fig. 3. Left panel. The anticorrelation of Rx as a function of the Eddington ratio for the different LINER Is in our 
sample. Right panel. The positive correlation between the 5 GHz radio luminosity and the hard 2-10 keV luminosity. The 
solid and dashed lines represent the best fit to a straight line, and the la standard deviation on the intercept, de rived 
for a sample of low luminosity Seyfert galaxies and low luminosity radio galaxies, respectively ( |Panessa et al.|2007 ). See 
text for details. 



right panel of Fig. [3] the dependence of the mean hard X- 
ray luminosity of our sample of LINER Is on the 6 cm ra- 
dio luminosity. According to the Spearman-rank test, these 
two parameters are positively correlated with r = 0.69 and 
99%. The best fits to a straight line derived by Panessa 



P 



et al. ( 2007 ) on both low luminosity Seyfert and radio galax- 
ies are shown as solid and dashed lines, respectively, with 
the la standard deviation on the intercepts. Our LINER 1 
sample clea rly populate the region between the Panessa| 
et al.| (120071 ) two best fit lines, indicating that LINER Is, 
and all AGN-powered LINERs by extrapolation, are more 
radio-loud, for a given X-ray luminosity, than low luminos- 
ity Seyfert galaxies and less radio-loud than low luminosity 
radio galaxies. All these results are discussed in 



5.2 



4. Properties of LINER 1 SEDs 

In order to get a better insight on our LINER 1 SEDs, com- 
pare them to each other and to more luminous AGN, we 
overplot in Fig. [| the SED of the six different LINER Is, 
after normalizing them to the 0.5-2 keV luminosity of 
NGC 4143 (different colored-dots represent different SEDs, 
see figure legend). The choice of NGC 4143 is somewhat 
arbitrary and was preferred for having the lowest 0.5-2 keV 
luminosity (our conclusions would not, in any way, be af- 
fected by the choice of the normalizing source) . Two SEDs 
were reported in the NGC 4278 case, one corresponding to 
the high state simultaneous X-ray and UV XMM-Newton 
fluxes and one representing the contemporar y HST-optical 
and Chandra- X-ray (obs. ID: 7081) fluxes (see Younes et al. 
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Fig. 4. The SEDs of the six different LINER Is in our sample with simultaneous UV and X-ray fluxes (different colored- 
dots) plotted alo ngside their geom etric mean SED (black crosses) and the mean SED of a sample of radio-quiet and 
radio- loud AGN ( |Elvis et aL||1994[ ). See text for more details. 



2010 1. We decided to normalize all SEDs preferentially at 
the X-ray luminosity, since our main focus is the validity 
of a "big blue bump" at UV wavelength relative to the 
X-ray emission, plus to check whether they are to be con- 
sidered radio-loud or radio-quiet source s relative to X-rays 



For comparison purposes, we plot the Elvis et al. (1994) 



average SED of a sample of radio-loud and radio-quiet 
AG N (dotted-line and d ashed-line, respectively; we note 
that |Shang et al.| (2011) found that the overall shape of 
the average SED of their sample of radio-quiet and radio- 
loud AGN, compiled using high-quality multiwavelength 
data from sp ace-based and grou nd-based telescopes, is very 
similar to the Elvis et al. ( 1994) SEDs compiled almost two 
decades ago) . Finally, we add the geometric]^] mean SED 
(black crosses, the geometric mean minimizes the effect 
of extreme outliers) that we calculated whenever we have 
three or more data points of different sources at a given 
frequency v Q . To make use of the data as much as possible, 
a flux data-point, at radio or optical wavelength, measured 
at a frequency v±, in the interval between v$ — 0.1 dex and 
vq + 0.1 dex, was considered as calculated at vq. In other 
words, we consider a source to have a flat spectrum in a 
frequency interval of 0.2 dex (we note that modeling the 
SEDs with accretion/jet models is out of the scope of this 
work and will be treated in a forthcoming paper). 

The different properties of the SEDs of our sample of 
LINER Is, and the property of the mean SED, which rep- 
resents to some extent LINER Is as a class and all AGN- 
powered LINERs by extrapolation, compared to the SED 
of radio-quiet and radio-loud quasars could be summarized 
as follows: 

1. At radio wavelength and for a given X-ray luminosity, 
all of the six LINER Is in our sample present a radio 
emission at least an order of magnitude larger than that 



6 The geometric mean of a vector X = [XI, X2, Xn] is 

n 

defined as (f[ X t ) 1/n . 



of radio-quiet quasars. Two of the sources, NGC 315 
and NGC 4278, exhibit radio emission comparable to 
radio-loud quasars. The radio-loudness parameter i?x 
indicates that all of the six LINER Is could be consid- 
e red as radio-loud sources having logi?x > —4.5 (see 



3. 



4. 



3.3) 



2. At a given X-ray luminosity, the geometric-mean optical 
and UV fluxes arc 5 to 10 times, respectively, weaker 
than the optical and UV emission of both radio-quiet 
and radio-loud quasars. This leads to an o ptical-to-X- 
ray flux ratio a ox « —1.17 ± 0.02 (see § 3.2), compared 
to mean values of about —1.3 and —1.5 for Seyferts 



and quasars, respectively (Mushotzky fc Wandcl 



1989 



Brandt et al.|2000[|Steffen et al.|2006|jLusso et af!f2 010) 



Consequently, the big blue bump", clearly seen in the 
SED of quasars, is much less apparent in the SED of 
our sample of LINER Is. 

In the X-ray band, the geometric mean spectrum in vL v 
space is flat and hence comparable to those of radio- 
quiet AGN. This is quite a surprise since in the radio- 
band these sources have radio luminosities, normalized 
to the X-ray band, comparable to those of radio-loud 
quasars. In fact, the radio loud quasars have an average 
X-ray photon index of about T « 1.5 (e.g., IWorrall & 



Wilkes|1990||Yuan et al.|1998||Reeves et al.|1997||tfeeves 
fc Turner|2000| IGambill et al.||2003[ |Belsole et al.|2006| 
Miller et al.||2011D, resulting from either X-rays domi 



alpOTl 

nated by synchrotron emission from a jet or the con- 
sequence of X-ray beaming effects. The X-ray spectral 
shape resemblance that our LINER Is (with an average 
T = 1.9, see Paper 1) sh are with radio-quiet quasars , 



and also S eyfert galaxies ( Nandra et al. |1997| Porquet 
et al.|2004 ) , could point toward an accretion flow origin 



rather than a jet-origin for the X-ray emission. 
Finally, we would like to note here that the bolometric 
luminosities of these LINER Is, derived from their spec- 
tral energy distribution, are extremely low compared to 
luminous AGN. These bolometric luminosities vary be- 



10 



G. Younes et al.: Multiwavelength properties of LINER Is 



tween 2 x 10 41 and 4 x 10 42 , resulting in Eddington 
ratios between 10 -4 and 3 x 10~ 6 . The hard X-ray lu- 
minosities present 3% to 17% of these bolometric lumi- 
nosities and result in an average 2-10 keV bolometric 
correction, «2-io koV, of about 1 6. This value is equal 
to the one reported in Ho (2008 k 2 _io koV ~ 16), and 
is smaller than the values reported for more luminous 
AGN (i.e., ~ 30), in agreement with the anticorrelation 
found between K2-10 key a nd the Eddington ratio (e.g. 
Vasudevan fc Fabian||2009[ ) . 



5. Discussion 

We have shown in Paper 1 that AGN-powered LINERs, 
based on their X-ray temporal and spectral properties, 
might have a different accretion mode than the one thought 
to exist in luminous AGN. Briefly, we have shown that, 
(1) fast X-ray variability (hours to days) is rare in these 
sources, (2) the X-ray spectral features defining most lu- 
minous AGN are absent in LINER Is (e.g., Fe Ka, soft 
excess below ~2 keV), and (3) the X-ray photon index F is 
anticorrelatcd to the Eddington ratio, which could be inter- 
preted as the increase in the optical depth of a RIAF with 
increasing Eddington ratio leading to the hardening of the 
X-ray spectrum. In this work, we complement Paper 1 by 
studying the multiwavelength properties of the same sam- 
ple of LINER Is. In the following, we discuss our results in 
the framework of accretion mechanisms and radiative pro- 
cesses taking place in LINER Is, hence all AGN-powered 
LINERs by extrapolation. We seek answers by comparing 
LINER Is multiwavelength properties to the properties of 
luminous AGN and the behavior of transient XRBs. 



5.1. The enigma of a standard accretion disk in LINERs 

The standard geometrically thin accretion disk model emits 
most of the energy in the UV in the case of a BH with a 
~ 10 6 — 10 9 M . This is in line with the observations of 
Seyferts and quasars, which show a "big blue bump" at 
UV wavelengths in their SEDs. The bump translates into 
a UV to X-ray flux ratio, a ox , in the range between —1.3 
to —1.5. This UV to X-ray flux ratio, a ox , is an essential 
tool in order to understand the link between the UV and 
X-ray emission and to test accretion mechanisms and ra- 
diative processes in AGN. The sparse studies of a ox in low 
luminosity AGN, including LINERs, showed that this class 
of faint AGN show lar ger q ox va lues and hence a shallower 
UV "big blue bump" . |Ho| ( 1999 ) derived an average value 
for a ox of about —0.9 for his sample of seven low luminos- 
ity AGN, somewhat larger than the value we report here 
(—1.17). The UV and X-ray flux ratios were not simultane- 
ous, plus, their X-ray fluxes were coming from low s patial 



Maoz 



of 



resolu tion obse rvations with aperture s as big as 300" 
( 2007 see also Eracleous et al.|2010 1 , calculated the a, 
a sample of 13 LINERs (being of type 1 or type 2) showing 
UV variability on time-scales of years. He found an average 
value of almost —1.13. This value is somewhat consistent 



with Ho ( 1999 ) and in very good agreement with our re- 
sults that show a mean value of about — 1.17 ± 0.02, which 
is based on simultaneous UV and X-ray observations. 

Many studies in the past showed that a ox is strongly 



classical AGN ( 


Zamorani et al. 


1981 


Avni & Tananbaum 


1982;|Vignali et al. 2003; Strateva et al.|2005||Stetfen et al. 




Fig. 5. Positive and negative correlations between a ox 
and the E dding ton ratio for our sample of A GN-powered 
LINE Rs (§ |T2) and a sample of type 1 AGN ( |Lusso et af 
2010), respectively. The crosspoint at £h> i/£Edd ~ ^ 



2.8 



might suggest a transition from a high/soft state AGN 
where a thin accretion disk exists to a low/hard state 
LLAGN where a RIAF forms. 



2006 t|Kelly et al.|[2 007; Lu sso et al.||2010||Keily et al.|2010| 



|Grupe et al.||2010 ). This means that the prominent UV 
"big blue bump seen in quasars, w hich result in an average 
a ox « — 1.4 (e.g., |Elvis et al.||1994[ ), tend to vanish at ver y 
low UV luminosities. |Maoz| ( |2007[ "see also Pian et al.|2010p , 
by showing that the a ox values of his sample follows the 
anticorrelation shared by Seyferts and 



L 



25finA 



same a a 

quasars (Stef fen et al.|2006[ ), suggested that a geometrically 
thin accretio n disk could survive very low accretion rates. 
Additionally, Maoz ( 2007 ) showed that the a ox value of his 
sample are similar to values reported for AGN of X-ray 
luminosities ranging from 10 41 erg s _1 to 10 43 erg s _1 and 
having low BH masses (~ 10 6 M ). These low BH-mas s 
AGN have a mean a ox of about -1.2 ( |Greene fe Ho|2007| . 

The BH mass appears to be an essential parameter 
in the accretion physics around BHs. Indeed, the hard 2- 
10 keV lu minosity is positively correlated to the BH mass 
flHo| 20091 1 a n-d he nce a ox should be BH mass dependent. 
Kelly et al. (20081 showed that, for a large sample of 318 
radio quiet quasars, a ox is strongly anticorrelated with the 
BH mass (note here that we are assuming negative a x val- 
ues, not the other way around as treated by the authors). 
They were able to explain such a dependence with a UV 
to X-ray spectrum inferred from a simple model describ- 
ing the standard geometrically thin accretion disk. This 
last anticorrelation explains t he high q ox values cal culated 
for the low BH-mass AGN of iGreene fe Ho| ( |2007[ ) in the 
framework of a geometrically thi n accretion di s k. However, 



the BH masses of the samples of Maoz ( 2007 ) , Pian et al. 
(2010), and this work lie in an interval between 10' M 
ancTTO 9 M . These masses should result in a a ox between 
-1.24 and -1.58 ( |Kelly et al.|2008[ ). Fifteen out of nineteen 
in these three samples have a ox greater than —1.2, hence, 
inconsistent with the above interval. 



Return to the a a 



et al. 



samp 



2500A 



anticorrelation, 



Sobolewska 



(2011) showed that, by simulating the spectra of a 
e of AGN based on the evolution pattern of the tran- 
sient BH binary GRO J1655-40, LINERs roughly follow 
the dependence of a ox on the optical luminosity of AGN. 
Nonetheless, the authors showed that LINERs should be in 
a low/hard state to exhibit the observed low optical lumi- 
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Sobolewska et al 
of the a 



nosities, log(zyi„) ps 39.5 — 41.3, again, considering their 
relatively high BH masses, 10 7 — 10 9 M Q . 

( |2011[ ) predicted a change in the sign 
Eddington ratio relation below -kboi/^Edd ~ 
1CP 2 , where these two parameters become positively cor- 
related (considering negative a ox ). This change would cor- 
respond to a switch from a high/soft to a lo w/hard state 



in transient XRBs. We confirm in § |3.2| the Sobolewska| 
et al. (2011) prediction and we show in Fig. 2j the posi- 
tive a ox -Eddington ratio correlation that we establish for 
a sample of AGN-powered LINERs. This correlation is in 



contrast with the one found for luminous AGN (Lusso 



et al.| 


2010 


Grupe et al. 


2010 



correla tion with the anticorrelation found by |Lusso et~al 



( 2010[ ) for a sample of type 1 AGN (Fig. [5]), we find that 
the switch from a high/soft state to a low/hard state in 
AGN might occur at the transitional point correspond- 
ing to iboi/iEdd ~ 10~ 2 - 8 and a a ox of about —0.7. This 
Eddington ratio limit that separates two different radiative 
behaviors between luminous AGN and LLAGN has been 
reported in the past using the dependence of the X-ray 
photon index, T , on the Eddington ratio. Paper 1 (see also 
Gu fe Cao||2009 1 predicted that below a similar Eddington 
ratio value (Lboi/^Edd ~ 10 -2 6 ), LINER Is might have 
a RIAF accretion flow instead of a thin accretion disk to 
explain the T — ^boi/^Edd anticorrelation, which is in con- 



trast to the one observed in luminous AGN ( Shemmer et al. 
2008 and references therein). Addi t ionall y, we would like 
to point out that very recently, Xu (2011) reached similar 
results when considering a sample of 49 LLAGN, includ- 
ing 21 LINERs, that exhibit iboi/^Edd < 10~ 3 . In contrast 
to our work, where UV luminosities are derived directly 
from UV observations plus being simultaneous to X-rays, 
the author derived the 2500 A luminosities for their sources 
by extrapolating the B band optical luminosity, calculated 
cither directly or indirectly (using the luminosities of the 
Ha and/or H/3 lines) . Nevertheless, the slope of the corre- 
lation that Xu (2011) found (0.163) is in good a greement, 
within the error bars, with our result. Xu (20111 was able 
to "roughly" reproduce the correlation using the advec- 
tion dominated accretion flow (ADAF) model. In ADAFs, 
the optical/UV luminosity is the result of inverse Compton 
scatter of the soft synchrotron photons by the hot elec- 
trons in the flow. The X-ray photons result from second 
order inverse Compton of soft synchrotron photons by the 
hot electrons and from bremsstrahlung processes. At high 
accretion rates (which is conservatively equivalent to the 
Eddington ratio), the inverse Compton component domi- 
nates the X-ray spectrum. With decreasing accretion rate, 
the inverse Compton component becomes softer (due to the 
decrease in the Compton ^-parameter, Paper 1), and X-ray 
photons result only from bremsstrahlung process. Hence, 
the X-ray flux will decrease faster tha n the UV flux with 
decreasing accretion rate (see Fig. 5 of Xu||2011 where the 
author plots the ADAF predictions for three different ac- 
ceretion rates of a given BH mass), resulting in the above 
seen a ox -Eddington ratio correlation. This last point adds 
to the long list of evidence supporting RIAFs as accretion- 
mode candidates in LLAGN. 

Finally, we ha ve stated in 
two LINERs fromr^ 



3.2 that we have excluded 



Maoz ( 2007 1 sample that clearly diverge 



from the a ox -Eddington-ratio relation. These two LINERs 
are the faintest between all LINERs considered here, hav- 
ing the lowest £2-10 kcv/^Edd (< 10~ 7 ), but with a some- 



what high a ox (> —1.1). Three possibilities emerge: (1) 
this is due t o the variabi lity factor since the UV and X- 
ray fluxes of |Maoz ( |2007[ ) were non-simultaneous, (2) the 
UV emission of these two sources is heavily internally ab- 
sorbed, hence correcting for internal extinction would drive 
the a x to lower values, or (3) the a ox -Eddington-ratio re- 
lation breaks at very low £2-10 kcv/^Edd (;$ 10~ 7 ), i.e., 
during the quiescent state of AGN. This would imply that 
a different radiative process is taking place at such very low 
Eddington ra tios. This lat t er spe culation is int eresting to 



the fact that Yuan & Cui 
that under a critical Li 



( |2005 

10 kev/L 



see also 



5.3|) predicted 
10~ 6 , i.e. 



^Edd of about 

during the quiescent state of AGN, the jet emission should 
dominate over the RIAF from radio to X-rays. A bigger 
sample of AGN with very low £2-10 kev/^Edd would help 
confirm or refute this hypothesis. 



5.2. Radio emission in LINERs and the role of the jet 

It is now believed that radio emission is a common char- 
acteristic of low luminosity AGN in general and LINERs 
specifically ([Nagar et al.||2000| |Falcke et aLl|2000| |Nagar 
et al. 2001 2002, 2005)"For a given X-ray or U V emission, 



given A-ray 

the radio luminosities of these type of objects compare well 
with radio-loud sources, and exhibit radio-loudness param- 



eters, R, 



'o(UV) 



and Rx, that belong to the radio-loud popu- 



lation of AGN jHo|1999[ |2002| |Maoz|2007| |Eracleous et~aT 
2010). Our SEE) analysis strengthen this idea, as we show 
that the radio-loudness parameter Rx indicates that all of 
our 11 LINER Is with 5 GHz detection could be considered 



as rad io-loud sources according to the Terashima fc Wilson 
(|2003[) criterion, logi? x > -4.5. 



The emission processes of such a radio emission is not 
yet firmly understood, though more and more hints are 
pointing towards a jet and/or outflow synchrotron origin. 
Di Matteo et al. (2001) showed that synchrotron emission 
of the thermal relativistic electrons in a hot accretion flow 
(e.g., RIAF) over-estimates the radio emission of the nu- 
clei of his sample of four elliptical galaxies. The authors 
assumed an accretion rate in the RIAF equal to the Bondi 
accretion rate calculated from the typical temperatures and 
densities of the hot gaseous halos surrounding their sam- 
ple nuclei. Even with an accretion rate much less than the 
Bondi rate, the radio spectral shape is inconsistent with the 
RIAF prediction. However, if the accretion flow produces 
outflows and/ or jets in the inner regions, as is expected from 
RIAF models ( |Narayan fc Yi 1995a Blandford & Bcgclman 
1999), emitting synchrotron non-thermal emission, the ra- 
dio spec tral shape and luminos ities reconcile with the obser- 



vations. lUIvestaci&Ho (2001 ) came to the same conclusion 
when studying the radio emission of three low luminosity 
AGN observed at 4 radio wavelengths. Moreover, |Nagar| 



et al. (2001) carried out a similar analysis performed on a 
bigger sample of 16 low luminosity AGN. They found that a 
jet model is a better explanation than a RIAF model of the 
flat radio spectra. In fact, a large fraction of LINERs and 
low luminosity AGN have fl at spectra in the radio band 
(e.g., between 2 and 20 cm, INagar et al. 2002 Anderson 



Nagar et al 

et alj2004), and some even exhibit subparsec scale radio 
jets ( |Falcke et al.||2000[ ). 



Ho 



( 2002 1 found a strong anticorrelation between the 



radio-loudness parameter R Q and the Eddington ratio for 
a sample of low luminosity and normal luminous AGN 
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spreading over alm ost 10 orders of magnitude in Edd i ngton 
ratio space (see also Sikora et al. 2007 ) . Panessa et al. ( 2007 ) 
confirmed the same anticorrelation for their sample of low 
luminosity Seyferts when considering the i?x parameter. 
We find in this work that logi?x is highly anticorrelated 
with L2-10 kcv/^Edd for our sample of LINER Is (Fig.[3j we 
will discuss the case of NGC 315, which is the only outlier 
compared to the rest of our sample, later this section), thus 
stretching this anticorrelation to include LINER Is specifi- 
cally, and AGN-powered LINERs in general. This behavior 
is perfectly in line with the prediction of RIAF structure to 
produce and collimate relativistic jets more efficiently with 
decreasing Eddington ratio. 



Panessa et al. (2007) found a positive correlation be- 
tween the hard X-ray luminosity and the 5 GHz radio lu- 
minosity for their sample of low luminosity Seyfert galax- 
ies with a slope of 0.97. To compare their results to radio 
galaxies, the authors collected ra dio and X-ray luminosi 



Balmaverde et al. 



ties for a sample of LLRGs fr om |Chiaberge et al. ( 2005 ) 
and I 
show, 



(|2006J). They found that LLRTTs 
similar to low luminosity Seyferts, a positive cor- 
relation with a slope of 0.97 but three orders o f magni- 



tude shifted towards radio luminosities (Fig. [3]). Panessa 



et al.| (|2007j) pointed out the presence of a gap between 
the two populations clearly seen in L r — Lx space (Fig. [3]). 
These putative objects, as noted by the authors, are none 
other than LINERs. This is shown in the right panel of 
Fig. [3] where the majority of our LINER Is populate the 
space between the two best fits of low luminosity Seyferts 
and LLRGs (again, with the exception of NGC 315, which 
clearly belongs to LLRGs). Although our small number of 
11 LINER Is makes it difficult to perform rigorous statisti- 
cal analysis, we find, using a simple linear regression analy- 
sis, that logLx oc (0.8 ±0.2) log L r (excluding the NGC 315 
radio galaxy would result in logix oc (1.1 ± 0.3) log L r ), 
which is in agreement, within the error bars with the slope 



found for both samples of Panessa et al. (2007). Bigger 
samples of LINERs would be better suited for such anal- 
ysis. Nonetheless, similar slopes were found for a sample 
of low-p ower radio galaxies with X-ray data taken from 
R OSAT ( Canosa et al.|1999 ) and for the radio-quiet sample 



of Brinkmann et a 
for their radio-loud 



i 2000| a steeper slope of 0.5 was found 
AGN). Such correlations could only 



mean that a coupling between the radio emission mecha- 
nism and the X-ray emission mechanism exists. Whether 
both emissions emanates from the same origin (i.e., jet), 
or emanates from different origins although highly coupled 
(i.e., jet-RIAF) is a highly debated subject, which brings us 
to the "fundamental plane of BH activity" , a reliable tool 
to distinguish X-ray processes of different accreting BHs. 

Finally we would like to give our thoughts on the spe- 
cial case of NGC 315. The LINER 1 NGC 315 is the only 
source in our sample to be classified as a radio galaxy (FR I 
morphology), showing an arcsecond scale radio and X-ray 
jet. It also harbors the second most massive BH in our sam- 
ple with M BH > 10 9 M Q . NGC 315 clearly does not follow 
the anticorrelation shared by the other LINER Is between 
the radio-loudness, i?x, and the Eddington ratio (Fig. |3). 
This behavior of radio galaxies to occupy a parallel, towards 
radio-louder systems, anticorrelation i n the radio-loudness - 
Eddington-ratio space was noticed by Sikora et al. (20071. 
The BH mass has been attributed in many studies as a ma- 
jor factor behind the dichotomy in the strength of the ra- 
dio emission between radio galaxies and normal AGN, with 



the most massive BHs resultin g in radi o- loud sources (e.g., 
Laor|2000||bunlop et al.|2003[ ). Indeed, [Broderick fc Fender 
POIID showed that the two populations of Sikora et al. 
(2007) almost overlap if the BH mass is taken into account 
and on ly the core radio emission is considered. However, [Ho 
( 2002 ) noted that radio-loud sources could be present at the 
center of AGN harboring BHs of very low masses (10 6 M ), 
plus relatively radio-quiet sources could be pre sent in AGN 
with B H masses > 10 9 M Q (e.g., NGC 3998) [Sikora et al. 
( |2007[ ) introduced the BH spin along with the BH mass as a 
driver of th e radio-loudness in AGN (as has been proposed 
in the past, |Blandford|f990l |Wilson fc Colbert|[l9$5l |Meier 
1999[ ). Indeed, FR I radio galaxies, to which NG C 315 be- 
longs, are believed to have rapidly spinning BHs (Wu et al. 
2011). Consequently, the BH mass, the BH spin, and the 



Eddington ratio might be behind the dichotomy between 
radio-quiet and radio-loud AGN. 



5.3. Fundamental plane of LINER Is, RIAF versus jet 

It has been almost 8 years now since the discovery of the 
fundamental plane of BH activity uniting, X-ray luminosi- 
ties, radio-luminosities, and BH masses of different types 
of accreting BHs, being stellar or supe r massi ve, thanks to 
the pioneering work of Merloni et al. (2003). Since then, 
numerous articles have seen the light as a complement or 
to better constrain the coefficients of such a fundamental 



plane flKording et al.|2006l|Wang et al.|2006 



|Li et al. 2008 

Giiltekin et al.||2009| [Yuan et al~||2009| " |Plotkin et al.||2011 
to name a few). Merloni et al. ( 2003]) used a large sample 
of different classes of accreting BHs, including XRBs (be- 
ing in both low/hard and high/soft states), low luminosity 
AGN, Seyferts, and quasars. They found that the coeffi- 
cients of their "fundamental plane" could be reproduced in 
a RIAF context at the 1 sigma confidence level. A geomet- 
rically thin accretion disk is excluded at the 3 sigma level, 
whereas a jet is roughly consistent with the data at the 3 
sigma level. Mixing quasars, Seyferts, and high/soft state 
XRBs with low luminosity AGN and low/hard state XRBs 
could be misleading. XRBs in their low/hard state show a 
very strong radio and X-ray correlation, whic h breaks when 
these XRBs are in a high/soft state (e.g., Fender et al. 
1999). Moreover, Seyferts and quasars are thought to have 
a X-ray emission mechanism different than the one thought 
to exist in low luminosity AGN (Paper 1). This could, in 
part, explain the relatively large scatter around the coeffi- 
cients of the authors fundamen tal plane. At the tim e of the 
Merloni et al] (|2003[ ) discovery, [Falcke et al] ( |2004[ ) showed 
that his sample of Galactic BH binaries in the low and 
quiescent state, LINERs, FR I radio galaxies, and BL Lac 
objects (i.e., low Eddington ratio radio galaxies with the 
jet aligned with our line of sight) can be unified on a 3D 
plane, none other than the fundamental plane. The authors 
explained the scaling coefficients of their relation with the 
analytical solution of a jet model. The fundamental plane 
discovery, in itself, is a gigantic step towards understanding 
accretion processes and emission mechanisms giving rise to 
the radio and X-ray luminosities. Thus, refining the plane 
with less scatter around the coefficients is crucial to dis- 
tinguish between the different accretion models in low ac- 
creting BHs, mainly between the two most competing ones 
"RIAF versus jet" . 
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Fig. 6. Left panel. Solid line represents the distribution of the critical X-ray lumin osity, £x, c rit/-^Edd) below (above) which 
the X-ray emission is thought to be jet (RIAF) dominated ( |Yuan &: Cui||2005j ). Black dots represent the distribution 
of L 2 -io kcv/^Edd for our sample of 10 LINER Is (Paper 1). Only NGC 2787 and the three lowest flux NGC 4278 
obs ervations have lowe r £2-10 kev/^Edd than the critical one. Right panel. Our LINER Is data points superimposed over 
the Yuan et al. (20091) fundamental plane (black solid line). Only the observations with £2-10 kcv/£Edd< -kx.crit/^Edd 
follow the authors fundamental plane, in perfect agreement with their prediction. See text for more details. 



Our small sample of 10 LINER lsQwith detected 5 GHz 
cores do not allow us to perform a rigorous fundamental 
plane analysis. Therefore, in order to infer the X-ray emis- 
sion mechanism and to favor a RIAF or a jet model over the 
oth er, we relied on two d ifferent works: Yuan et al. ( 2009 ) 
an d|Plotkin et al.| 02011 1. 



Yuan et al. (2009) studied the fundamental plane of 
22 low luminosity AGN with X-ray luminosities below a 
critical value Lxcrit, defined as: 



log 



^X,crit 



L 



Edd 



-5.356 - 0.17 log 



M 



(3) 



below (above) which the X-ray emi ssion should be jet 
(RIAF) do minated, according to the Yuan & Cui (2005) 
prediction. Yuan et al. (20091 found that their sample of 
LLAGN with X-ray luminosities below the critical value, 
hence jet-dominated, follows the relation 

logi R = 1.22 logix + 0.23 logM BH - 12.46. (4) 



Recently, Plotkin et al. (20111 see also Kording et al. 



2006) calculated the fundamental plane of a well defined 



sample of XRBs in their low/hard state, low luminosity 
AGN and BL Lac objects. They used a rigorous statistical 
method based on a Bayesian regression to calculate the er- 
rors on the coefficients and the dispersion of their equation. 
Their fundamental plane follows the equation: 

log L x = 1.45 log L R - 0.88 log M BH - 6.07, (5) 

with a dispersion a = 0.07 de^j The authors found that 
the coefficients of the fundamental plane of their sample are 



7 We decide to exclude the FR I radio galaxy NGC 315 from 
this analysis since these sources are not appropriate to test the 
jet-only model, for the reason of synchrotron cooling occurrin 



at very low frequenc ies jFossati et al 



Note here that Plotkin et al. 



1998 



2011 



luminosities as their dependent variable 



Kording et al.|2006 ) 



choose their X-ray 
the traditional form 



of the fundamental plane that we choose to use here is eas- 
ily recovered with a simple variable substitution, this gives 
log L R = 0.69 log L x + 0.61 log M BH + 4.19 



very wel l explained with a jet mo del (the scale-invariant jet 
model, Heinz fc Sunyaev 2003|) and that a RIAF model 



(ADAF solution, |Narayan fc Yi|l994p is excluded at the 3 



sigma level. 

We first plot in the left panel of Fig. [6] the distribu- 
tion of the critical X-ray luminosities (red solid line, see 
also Table [2| of the different LINER Is in our sample, be- 
low (above) which the X- ray emission should be jet (RIAF) 
dominated, according to Yuan & Cui (12005). We overplot 
the X-ray luminosities of the different X-ray observations of 
our sample (black dots, see Paper 1 for the different X-ray 
luminosities of our sample) . The left panel of Fig. [6] shows 
that only NGC 2787 and the three Chandra observations 
of NGC 4278 with the lowest fluxes (obs. IDs: 7077, 7080, 
and 7081, see Paper 1) have L2-10 kcv/^Edd smaller than 
ix,crit/^Edd- In the right panel , we plot our data points 



Yuan et al] (|2009| black 



with the fundamental plane of 

solid line , see equation [4j). T he results are perfectly in line 
with the Yuan et al. (2009) prediction, in the sense that 
only the sources with L 2 -i kev/^Edd< ^x,crit/iEdd, he., 
NGC 2787 and the three NGC 4278 observations with the 
lowest X-ray fluxes, follow their fundamental plane, with 
the rest of the sources being inconsistent with it. According 
to the authors work, this would mean that the sources in 
our sample are consistent with a RIAF-dominated X-ray 
emission process, with the exception of NGC 2787 and the 
three NGC 4278 observations with the lowest fluxes, where 
a jet is probably dominating the X-ray emission. 

In Fig. 7J we show our LINER 1 data points plotted 
alongside the iPlotkin et al. (2011) fundamental plane. At 
the la level, our sample follow well the authors fundamental 
plane, with the only exception being NGC 2787 and the 
lowest NGC 4278 X-ray fluxes (note, however, that these 
exceptions disappear at the 2a level) . [Plotkin et al. (2011) 
found that the coefficient of their fundamental plane are 
better explained with a jet model than the RIAF model (see 
above). Therefore, according to these authors fundamental 
plane study, a jet synchrotron process appears to be the 
mechanism dominating the X-ray emission in our sample 
of LINER Is. 

The results we get looking at two different fundamental 
plane analysis came contradictory with one pointing to- 
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Fig. 7. Our sa mple of LINER Is plo tted with the funda- 
mental plane of Plotkin et al. (2011 1. At the lex level, our 
sample is consistent with the authors fundamental plane, 
with the mild exception of the NGC 4278 observations with 
the lowest X-ray fluxes, and NGC 2787. See text for more 
details. 



ward a RIAF-dominated X-ray emission process and the 
other pointing toward a jet domination. Hence, using the 
fundamental plane by itself to distinguish X-ray pro cesses 
is very challenging (as said by Plotkin et al. 2011), and 
clearly both a RIAF and a jet are at work with strong cou- 
pling between them. Nevertheless, it would be of great in- 
terest to study the fundamental plane of a big-enough, pure 
sample of AGN-powered LINERs, preferentially covering 
a large range in BH masses (e.g., three orders of magni- 
tude), comparing the correlation coefficients with the ones 
expected from different radiative processes. Finally, before 
making any firm conclusion regarding the issue, one should 
look into all the different observational pieces together (e.g., 
r -Eddington- ratio, Paper 1, and the a x~Eddington-ratio, 
this work, relations), then consider explaining them in a 
self-consistent manner. 



6. Conclusion 

Wc have studied the multiwavelength characteristics of the 
sample of LINERs showing a definite detection of broad 
Ha em ission introduced in Paper 1 (LINER Is, Ho et al. 
1997b). Since the nuclear emission from LINERs could eas- 
ily be contaminated from off-nuclear sources, high spatial 
resolution are required at all wavelengths. Moreover, AGN- 
powered LINERs show a high degree of vari ability, espe- 
cially in the UV and X-ray bands (Paper 1, |Maoz et al. 
2005), hence simultaneous observations are crucial. Keeping 
these two points in mind, we collect from the literature VLA 
subarcsecond or VLBI milliarcsecond radio data and sub- 
arcsecond HST optical data. UV fluxes were derived from 
the OM instrument onboard XMM-Newton, and are simul- 
taneous with the X-ray fluxes derived from the EPIC in- 
strument. 

We build the SED of six sources in our sample with 
simultaneous UV and X-ray measurements. We compare 
these SEDs, as well as their geometric mean SED, to the 
SED of a sample of radio-quiet and radio-loud quasars. At 
a given X-ray luminosity we find that, (1) our LINER Is 
have radio luminosities comparable to the radio luminosity 
of radio-loud quasars, (2) the mean optical and UV lumi- 
nosities are on average 5 to 10 times, respectively, smaller 



than in the quasar case, and (3) the X-ray spectral shape 
is similar to the spectral shape of radio-quiet quasars. 

We calculate the UV to X-ray flux ratio, a ox , of the 
six LINER Is with simultaneous UV and X-ray fluxes and 
found aox = — 1.17±0.02 with a dispersion a = 0.01, indica- 
tive of a weak UV excess relative to X-rays. We complement 
our results with Q ox values of a sampl e of AGN-powered 



LINERs (Maoz 2007 



Pian et al. 2010). We find that a D 



is positively correlated to the Eddington ratio (considering 
negative a ox values), in c ontrast to the relat ion established 
for luminous AGN (e.g., Lusso et al. 2010). This may be 



indicative of different emission processes producing the UV 
to X-ray spectral shape between AGN and LINERs. 

Using high resolution radio fluxes at 5 GHz, 
we calculate the radio loudness parameter, Rx = 
vL v {§ GHz)/L 2 - W kov, for 11 of the 13 LINE R Is having 
radio core - emiss ion detection. According to the |Terashima| 
fc Wilsonj (2003) criterion, all of the 11 LINER Is are con- 
dered radio-loud having logi?x > —4.5. In fact 10 out 



SI' 



gi?x > -4.5. In fact 10 out 
of 11 LINER Is have logi? x > -3.5. We establish for the 
first time for LINER Is, that this radio loudness param- 
eter, i?x> is strongly anticorrelated to the Eddington ra- 
tio, confirming previous studies on LLAGN and luminous 
AGN sources. Moreover, we find a positive correlation be- 
tween the radio luminosity and the X-ray luminosity which 
places AGN-powered LINERs, on a radio-power scale, right 
between low luminosity Seyferts and low luminosity radio 
galaxies. 

Finally, we attempted to infer the X-ray emission mech- 
anism in our sample of LINER Is with the help of two 
different "fundamental planes of BH activity" . The results 
were c ontradictory The fundamental plane of | Yuan et al.| 
( 2009 ) pointed toward a RIAF-dominated origin for the X- 
ray emission in our sample. On the other hand, |Plotkin| 
|et al.| ( |2011[ ) fundamental plane indicates that our sample 
of LINER Is may have a jet dominated X-ray emission. 
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